The parasitic protozoan Trypanosoma brucei has some hundred mini-chromosomes of 50-150 kb, which 
(VSG) genes. Here we report that two of the smaller mini-chromosomes (55 and 60 kb) contain sequences homologous to the ribosomal RNA gene promoter region. We have targeted by homologous recombination the neomycin phosphotransferase (neor) gene behind the promoter on the 55 kb chromosome and show that this promoter mediates the efficient synthesis of properly trans-spliced and polyadenylated neo mRNA. The resulting high resistance to G418 (a neo analogue) is stable in the absence of drug showing that mitotic segregation of this mini-chromosome is precise. Downstream of the transcription start the wild-type version of the ribosomal promoter is flanked by telomeric repeats.
INTRODUCTION
African trypanosomes are parasitic protozoans that can multiply in the bloodstream of mammalian hosts. The chromosomes of trypanosomes do not condense during mitosis, but chromosomesized DNA molecules can be separated in agarose gels by pulsed field gradient (PFG) gel electrophoresis2'3. A remarkable feature of the molecular karyogram of Trypanosoma brucei is the presence of some 100 mini-chromosomes of 50-150 kb3'4. Not much is known about these chromosomes. They contain several types of repeats, such as the 177-bp repeat sequences5'6, subtelomeric7 and telomeric repeats8'9 and a short sequence apparently specific for a subset of mini-chromosomes'0. The only known genes in mini-chromosomes are sub-telomeric genes for variant surface glycoproteins (VSGs) . These genes have never been found to be expressed when present in mini-chromosomes, but only after duplicative transposition to an expression site telomere of one of the larger chromosomes" I2. Expansion of the repertoire of sub-telomeric VSG genes has been proposed to be the main function for these mini-chromosomes3, as they are absent in kinetoplastid flagellates that do not undergo antigenic variation13.
Although mini-chromosomes were not known to be transcribed thusfar, we recently noted that a DNA fragment containing the rRNA gene promoter hybridized to two chromosome-sized DNA molecules that co-migrate with the bulk of the mini-chromosomes.
The rRNA genes themselves are clustered'4 on several chromosomes in the 2-4 Mb range13,15,this paper and probes for these genes did not hybridize to the two mini-chromosomes.
To test whether these putative mini-chromosomal rDNA promoters were functional, we targeted a neomycin phosphotransferase (neod) gene behind one of these minichromosomal promoters. We show here that at least one promoter is functional and can mediate the efficient synthesis of neomRNA. The rDNA promoter is immediately adjacent and internal to telomeric repeats, GGGTTA, suggesting healing of a broken chromosome probably by de novo telomere addition. The rDNA promoter appears to be constitutively active and may be responsible for the previously observed' but unexplained caamanitin insensitive transcription of telomeres in T brucei. In addition, we have used the unique neor-gene tag in this minichromosome to study the structure of mini-chromosomes in more detail. * To whom correspondence should be addressed .n) 1992 Oxford University Press 2726 Nucleic Acids Research, Vol. 20, No. 11 
MATERIALS AND METHODS

Transformation of trypanosomes
The trypanosomes used belong to strain 427 of T.brucei brucei'6. Procyclic (culture) form trypanosomes were grown in the semi-defined medium as described17. The plasmid pRK20(+) used in the procyclic transformation experiments has been described'8 and a detailed description of the different parts is given in the legend to Figure 2 . 4 Figure 9 ).
Mb in size3",529. The rRNA genes have been found on the large chromosomes only'3. This is illustrated in Figure 1 A, which shows chromosome-sized DNA molecules separated in PFG gels, blotted onto nitrocellulose and hybridized to a probe covering the 5' half of the 18S rRNA gene. In contrast, a 0.5 kb region positioned approximately symmetrically over the transcription start site and encompassing the ribosomal promoter'4 '30 hybridizes not only with these same chromosomes, but also with intermediate and mini-chromosomes that lack rRNA genes (rib. prom., Fig. 1 A) . These chromosomes are approximately 200, 60 and 55 kb in length (Figure 1 B and Figure 1 B shows the two mini-chromosomes that hybridize with the ribosomal promoter probe. After integration of the 5 kb ned-gene construct into the 55 kb chromosome, it co-migraes with the 60 kb chromosome (lanes 2, Fig. 1 B) . Homologous recombination is highly efficient in trypanosomes32-34 and it is therefore likely that our construct had integrated into sequences homologous to the rDNA promoter.
To prove this we analyzed the 5' junction of the integration site of pRK20(+) using the polymerase chain reaction (PCR)25
following the strategy depicted in Figure 3 A. Single-stranded DNA was generated in unbalanced PCR reactions. The sequence obtained (see Fig. 3 B) was largely identical to the cloned ribosomal promoter present in pRK20(+), previously shown to be functional in transient transformation assays3. Minor sequence differences with the ribosomal promoter sequence present in the targeting vector pRK20(+) are scattered dtroughout the DNA segment upstream of the AvaI site used for linearizing the vector. This shows that targeting had occurred as planned and that the ned-gene in the mini-chromosome had been placed under the mini-chromosomal ribosomal promoter sequence. Some of the nucleotide differences between the mini-chromosomal and pRK20(+) rDNA promoter sequences have also been found in another rDNA promoter marked by a targeted insertion of pRK20(+). This promoter was part of a standard rRNA gene cluster (Figure 3 B'8 ). These results indicate that the sequences present in the mini-chromosomes might function as a ribosomal promoter.
A finctional rRNA gene promoter at the site of integration in the mini-chromosome The T20(+)2 transformant was resistant to very high concentrations of the neomycin analogue G418 (>1 mg/ml), whereas wild-type trypanosomes are 50% inhibited in their growth at only 7 gg/ml. In contrast to the defined chromosomal context of the rRNA gene promoter driving the expression of the neor-gene in transformant T20(+)IC3'8, i.e. the non-transcribed spacer of a rRNA gene cluster, the sequences upstream of the ribosomal promoter in the T20(+)2 mini-chromosome were not known and could contain a class II promoter directing the transcription of the ned-gene by readthrough over a non-functional ribosomal promoter. We therefore isolated nuclei of T20(+)2 and followed the synthesis of nascent RNA in the presence of labeled ribonucleotides and the RNA polymerase H inhibitor ca-amanitin. Figure 5 shows that the neor-gene is transcribed by a polymerase insensitive to high concentrations of this drug.
We mapped the start of transcription using an uniformly labeled antisense RNA probe covering the rRNA gene promoter in pRK20(+) (Fig. 6) . Apart from endogenous pre-rRNA, yielding protected fragments of 261-and 146-bp, we detect with this probe transcripts that are absent in wild-type trypanosomes (compare lanes 2 and 4). The protected fragment of 400-bp probably represents the protected product of the fused pre-rRNA and parpA splice acceptor region sequences. A comparison of protected fragments obtained with RNA from transformant T20(+)IC3, that has the same construct targeted into the rRNA gene promoter of a rRNA gene cluster, suggests that the synthesis of pre-mRNA for the ned-gene in T20(+)2 T.brucei initiates approximately 9-bp upstream of the authentic start site in the ribosomal promoter (compare lanes 2 and 318). It is possible that the -3-bp substitution and/or further upstream substitutions (see Fig. 3 B) are responsible for this shift in start site. Figure 8 A. Recombinant DNA clones were generated with progressively shortened telomeres by treatment of genomic DNA with Bal3l prior to circularization. We size-fractionated the DNA prior to self-ligation, but even so, obtained only clones with a short stretch of DNA downstream of the rDNA promoter (Fig. 8  A, pTELT20. 19 ; for telomeric region of the mini-chromosome in T20(+)2 trypanosomes), suggesting that sequences from this region cannot be stably maintained in E. coli probably because they contain repetitive DNA. This notion is supported by the fact that this area lacks many restriction enzyme recognition sites. Several of the mini-chromosome derived telomeres do not encode VSG genes'0 and the data indicate that the telomere that we characterized is one such example. The sequences of two clones, pTELT20.19 and pTELT20.23, are presented in figure 8 B. Interestingly, there is an abrupt transition from the known rDNA promoter sequences to a simple sequence repeat, the telomeric GGGITA hexamers. This transition is in both clones at exactly the same position (+ 156 relative to the transcription start site at + 1), leaving the rDNA promoter intact. The difference in the number of repeats and the different nucleotides to which the telomeric repeats were ligated onto the filled-in NcoI site of the ned-gene in the two clones illustrates their independent origin. We confirmed the existence of the junction between the rDNA promoter region and the GGGTTA hexamers in wild-type trypanosomes by polymerase chain reactions. Primers complementary to the rDNA promoter and the telomeric repeats were used to amplify genomic DNA in both wild-type and transformed trypanosomes. The hybridized to the rDNA promoter, had the same size as the one derived from pTELT20. 19 and pTELT20.23 (data not shown).
The mini-chromosome internal region The fact that the rDNA promoter is truncated, downstream of the transcription start site, and flanked by telomeric repeats in the absence of sub-telomeric sequences suggests that this chromosome end had been generated by chromosome breakage and healing. Does the targeted mini-chromosome share sequences found in the vicinity of rDNA promoters of the large chromosomes from which it might have been derived? To understand the origin of this chromosome, we analyzed the sequences upstream of the integrated pRK20( +) plasmid DNA by physical mapping. Over a region of approximately 10 kb the chromosome internal region was devoid of all six-basepair restriction enzyme recognition sequences tested, suggesting the presence of repetitive simple sequences. However, at around 25 -30 kb from the neor-gene tagged end of the minichromosome, and thus approximately in the middle of the chromosome, we found a cluster of restriction sites, suggesting the presence of unique sequences ( Figure 9 ). In an attempt to clone this area, we digested the DNA of T. brucei T20(+)2 with EcoRI and ligated the fragments under conditions favoring circularization. The resulting DNA circles were transformed to E. coli and plasmids were rescued by selection for the vector part of the original neor construct. Based on the physical map of the chromosome internal area (see figure 9 A) a 21 kb plasmid with a single EcoRI site could be expected, provided that the presumptive repetitive sequences encompassed by the EcoRI fragment had not recombined out. We obtained multiple transformants, all containing plasmids much smaller than 21 kb, and analyzed two in detail. pCENT20.E12 (for central region of the mini-chromosome in T20(+)2 trypanosomes) was 8.7 kb and pCENT20.E9 was 9.2 kb long. The physical maps of these two recombinant clones are depicted in figure 9 A. They have restriction sites collinear with those of the genomic locus, but for the area upstream of the HindII site (1.5 and 2.0 kb respectively). We determined the sequences of the area around the chromosome internally located EcoRI site (which has been lost in pCENT20.E9). The region is indeed composed of repetitive DNA and contains the 177-bp satellite sequences (Figure 9 B) which are a hallmark of mini-and intermediate chromosomes (see Figure 1 B ). pCENT20.E12 also contains some sequences upstream of the 177-bp repeat area which should provide a handle to isolate areas of the chromosome which may be involved in chromosome replication and segregation. A probe derived from this area (124-bp RsaI fragment, see Figure 9 B) hybridizes only to a unique set of chromosomes: the two minichromosomes and the 200 kb band, all of which contain 'orphan' rDNA promoters but no rRNA genes (data not shown). Thus a large region of 15-20 kb upstream of the rDNA promoter in the mini-chromosome is not derived from one of the larger chromosomes on which the complete rDNA repeats reside.
Stability of mini-chromosomes
Mitotic stability of the 'marked' mini-chromosome can be measured by PFG analysis and hybridization with a neor gene probe. This technique is not sensitive, however. We measured stability by determining the fraction of resistant cells in growth assays following the removal of selective pressure for different periods of time. We could not detect any delay in growth in a trypanosome population of T20(+)2 that had been transferred only hybridized to the 5' EcoRI-HindIlI fragment of the two clones; the 3' end of the 177-bp repeats has not been determined precisely and is therefore marked with a dot. The 177-bp repeat area in the two clones is much shorter than in the approximately 10 kb simple-sequence area (probably the whole area is composed of 177-bp repeats) in the mini-chromosome, as it was reduced in size due to recombinations in the genomic repeat area upon cloning in Ecoli. Restriction sites and symbols as in figure 8 . Figures 3 B and 8 B) . The polymorphisms that we observe in the sequences at the site of integration (see Fig. 3 B) suggest that slight differences in sequences do not severly interfere with homologous recombination in T. brucei (9 and 13 basepairs different in a 320-bp stretch, see Fig. 3 B) . Efficient homologous genes32'33, calmodulin genes34 and rDNA sequences'8'31' this paper. As in the yeast S. cerevisiae, this may be the preferred way of handling exogenous DNA in trypanosome nuclei, as no example of non-homologous insertion has been reported yet. In addition to the targeted insertion of our constructs at many different chromosomes (see Figure 1) , we also observed changes in karyotype with rRNA gene probes. These alterations in chromosome length were large (Figures 1 A, lanes 3 and 4 and  1 C, lanes 1 and 2) and cannot be explained by changes in telomere length only9'35'39. We attribute dtese size alterations to DNA rearrangements in rRNA gene clusters, not necessarily associated with the site in which pRK20(+) had integrated and possibly ihdced by the cloning and selection procedures to which these trypanosomes had been exposed. In The at-amanitin-resistant tanscription of the targeted neorgene mediated by RNA (Figure 1 B) . How these minichromosomes obtained the telomerically localized rDNA promoter remains unclear. We found the rDNA promoter on two mini-chromosomes which differ only slightly in size (55 and 60 kb). They could be unrelated chromosomes, but one would then have to invoke two independent recombinations to generate them. More likely is that they are related. A probe derived from the 0.7 kb PvuII fragment upstream of the rDNA promoter (see (Figure 1 B'9) . That the two mini-chromosomes share related sequences could be the result of the amplification of mini-chromosomes as part of the expansion of the VSG gene repertoire in T.brucei. The T.brucei genome is diploid for house-keeping genes that reside on the larger chromosomes42'43, but the ploidy of mini-chromosomes is undefined. An alternative interpretation for two minichromosomes with an rDNA promoter is thus that they are diploid. The The availability of mini-chromosomes carrying selectable markers near their termini is useful for defining structural elements important for chromosome maintenance in this protozoan. It also promises to assist investigations into the mechanism of recombination at telomeres, ai-amanitin-resistant transcription and transcriptional control in trypanosomes, and telomere position effects on gene expression, such as described in yeast47 and which could play a role in Variant Surface
Glycoprotein gene expression at telomeric expression sites.
